This paper presents a circuit model for a 100 Ah Lithium Polymer Battery that takes into account the effect of temperature and discharge rates. This is done by studying the behavior of two advanced 100 Ah Lithium Polymer Battery cells under different load condition and at different temperatures, to extract the RC parameters needed to develop the equivalent circuit model. This paper presents a methodology to identify the several parameters of the model. The parameters of the circuit model depend on both, battery cell temperature and discharging current rate. The model is validated by comparing simulation results with experimental data collected through battery cell tests. The simulation results of the battery cell model are obtained using MATLAB, and the experimental data are collected through the battery test system at battery evaluation lab at University of Massachusetts Lowell. This model is useful for optimization of the battery management system which is needed to run a battery bank safely in an electric car.
Introduction
Battery powered electric vehicles are becoming more and more attractive with the advancement of new battery technology that have higher power and energy density, and it becomes necessary reliable models for design and simulation of the batteries. 100 Ah Lithium Polymer Battery cells have been tested for cycling, fast chargeability, realistic load test, self discharge, and life cycle. From these test results, the battery has high energy density (373 Wh/L) and specific energy (146 Wh/kg), less self discharge rate (less than 3% during month), it can be fast charged, and the battery cell voltage remains within the limit during the realistic load test. The battery cell has a long life cycle, more over the battery capacity decreased very slowly with cycling. The lithium polymer battery cell is much lighter than other batteries cell and it is one of the long term criteria for electric vehicle batteries (energy density greater than 300 Wh/L, life cycle over 1000 cycles, and recharge time between 3 to 6 hours) [1] .
Two 100 Ah Lithium Battery cells were tested for model. One is old battery cell which the battery has only 90% of total capacity and the other one is new battery cell which has fully 100% of capacity. The old battery cell lost more than 10% of total capacity because the battery was cycled more than 700 times. The reason to pick a new and an old battery cell for the test is to find how the battery SOC characteristic changes by battery cell age and capacity. The circuit model represents the nonlinear relationship between SOC and the open circuit voltage (V oc ) of the battery cell. The model also demonstrates the constant and dynamic behavior of the battery cell using a series resistance and RC circuits. The battery cell model component values vary as a function of SOC. All the models that have been derived in the past, considered effect of discharge rate on model components but this model consider the rate of discharge effect as well as the temperature effect. The accurate circuit model will be very helpful for Battery Management System (BMS) design because SOC information makes power sourcing or sinking, safe and efficient, and it also helps to extend the lifetime of the traction battery. More detailed study of battery cell circuit model and simulation will be discussed in following topics.
Battery Testing and Circuit Model

Test Setup
The University of Massachusetts Lowell Battery Evaluation Lab has three complete battery test systems. The systems are computer controlled. The systems are designed to test batteries ranging from 0.1 mV to 20 volts at 1 mA to 320 Amps. The current regulators are capable Circuit Model of 100 Ah Lithium Polymer Battery Cell 2 of current sinking or sourcing and can change from charge to discharge mode instantaneously [2] . Data acquisition and control systems provide a controlled current and stores data including voltage, current, resting time, and temperature. Data is taken every 5 sec. so as to limit the storage space required. Each tester is controlled via A/D and D/A interfaces. The battery test system also equipped with temperature chamber to test the battery at different ambient temperatures between −40˚C to +60˚C. Temperature of chamber is computer controlled. The voltage, current, and temperature limit of the battery cell can set during the initial set time. The test stops automatically when the battery cell reaches the limit [3] . The MUX connected to the computer, current regulator, and chamber. The battery cell is inside the chamber and it connected to the current regulator. The picture of battery lab at University of Massachusetts Lowell is shown in Figure 1 and the block diagram of the battery cell test is shown in Figure 2 .
Battery Cell Circuit Model
Battery cell circuit diagram is shown in Figure 2 . V oc is the open circuit voltage which depends on V SOC . R s is DC resistance, C b is capacitance of battery cell, R d is resistance of self discharge, R(short) and C(short) are the resistance and capacitance in the shorter time constant RC circuitand R(long) and C(long) are the resistance and capacitance in the longer time constant RC circuit. The voltage controlled by voltage source linking the two circuits is used to represent the nonlinear relationship between the State of SOC and V oc of the battery. This relationship is normalized such that when the voltage across C b is 1 V, the battery is at 100% SOC [4] . From Figure 3 , effect of transient components R(short), C(short), R(long), and C(long)are visible at the start of constant discharge. After short time of period, decided by R(short) C(short) and R(long) C(long) time constant, circuit behaves as resistive circuit. The simulation results of R s and V oc are based on polynomial equations and depend on State of Charge. Values of R(short), C(short), R(long) and C(long) change abnormally but depend on State of Charge. Equation for R s and V oc for simulation can be written as:
where, n is polynomial number, SOC is state of charge, is constant of different ambient temperature and discharge current rate, is constant of quadratic equation for combine different temperatures, k is constant for constant 0 (for 0˚C @ 1C and for C/10 discharge rate) 2 (for 20˚C @ 1C and for C/4 discharge rate) 4 (for 40˚C @ 1C and for C/2 discharge rate), and Δ is difference between different temperature and different discharge rate. shown in Figure 6 . From the figures, the V oc is high at room temperature and at lower discharge current rate. The experimental and simulation result of the R s at 0˚C and different discharge current rates for old cell is shown in Figure 7 . The experimental and simulation result of the R s at C/10 and different temperatures for old cell is shown in Figure 8 . From the figures, the R s is high at lower temperature and lower discharge rate. R s sharply increase at the lower SOC (10%).
The Discharge Test Methodology
Each battery cell, new and old, has 12 different test settings which are 3 different ambient temperatures (0˚C, 20˚C, and 40˚C) and each temperature has 4 different discharge rates (C/10, C/4/, C/2, and C). The battery cell is first charged to its full capacity through constant current followed by constant voltage (CC/CV) at 1C (100 Amps) and it starts temperature soak until the cell gets to the set temperature. The battery cell discharged under different predefined profiles. The cell stops discharging at decrement of 10% SOC, decrement in the range from 100% to 0% and the cell has resting time for 10 minutes.
The resting time is needed for the battery cell voltage to reach steady state condition [5] . The test completely stopped when the battery cell reachesat0 capacity. The open circuit voltage is measured as the steady state open circuit terminal voltage at various SOC points. The performance of the battery cell during the discharge at 1C discharge rate and 20˚C is shown in Figure 9 .
Constant Current Discharge Test
The battery cell is first charged to its full capacity through (CC/CV) and its tarts temperature soak until the battery cell gets to the set temperature. The battery cell discharged under different predefined profiles. The battery cell completely stops discharge if it reaches at 0 capacity. The battery cell performance at constant discharge current rate of C/2 and ambient temperature at 0˚C is shown in Figure 10 . voltage discharge profile with a steep decrease in the profile near the end of discharge [6] .
Battery Cell Self Discharge Test
The battery cells were tested for self discharge. The cells are first charged their full capacity through (CC/CV) then they were set aside for a month in an open circuit condition at +20˚C. The terminal voltage measured once an every week. The cells were fully discharged after self discharge test [7] .The terminal voltage drop was 0.022 volt (4.13 volt to 4.108 volt) for new battery cell and 0.027 volt (4.113 volt to 4.086 volt) for old battery cell. The new battery cell lost its capacity 4 Ah, 67 Wh but it lost 0 Ah, 47 Wh with no self discharge. The old battery cell lost its capacity 2 Ah, 51 Wh but it lost 0 Ah, 37 Wh with no self discharge. The cells lost more capacity 4 Ah, 20 Wh for new and 2 Ah, 14 Wh for old due to self discharge. It shows that the lithium polymer battery cell lost capacity less than 3% per month self discharge. The resistance of self discharge (R d ) can calculated from the Equation (2).   24 30 3600
where, is voltage difference during the test and
is Ah difference during the test.
Model Simulation Methodology
Behavior of the battery in static as well as dynamic response is very non-linear. Several simulation methods have been approached. Proposed method is circuit-parameter based procedure of equation 
Figure 13. Simulation and experimental constant discharge test result at C/4 and ambient temperature 0˚C
Open Access JPEE Circuit Model of 100 Ah Lithium Polymer Battery Cell 8 than 30 mV, which is less than 3% error margin. Therefore, the simulation results of the battery cell circuit model match well with the experimental data.
Conclusion
A nonlinear battery cell circuit model which is based on relationship between the battery cell terminal voltage and battery cell state of discharge (SOC) characteristic under different discharge current rates and different ambient temperatures condition has been developed. The nonlinear battery cell circuit model can be used to accurately model and predict battery cell performance from the experimental and simulation test results. The model will greatly help research on circuit simulation, multi-cell battery analysis, battery cell performance prediction and optimization, and battery cell management. The experimental and simulation of battery circuit cell modeling is within 3% of error margin. The lithium battery cell has the best performance when the cell is at room temperature (20˚C) and has C/10 discharge current rate. The lithium polymer battery cell holds more than 70% of its capacity between 3.2 and 3.7 volts. Based on this circuit model, it could be developed with other models like fuzzy or neuro-fuzzy logic.
